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ABSTRACT 

The  effects  of  post-weld  heat  management  at  a  solution  temperature  of  540°C  for  5  hrs  30  mins  continuing 
by  ageing  at  190°C  for  6  hrs  on  microstructure  and  mechanical  properties  of  friction  stir  welded  different  aluminium 
alloys  A319  and  AA6082  have  been  examined.  Post-weld  ageing  results  in  enhanced  mechanical properties.  The  outcome 
of  ageing  on  the  morphology  of  the  subsequent  phase  particles  of  silicon ,  copper  along  with  iron  in  the  fold  zone  has 
been  studied.  The  hardness  of  the  fold  zone  for  both  as-welded  and  post-weld  ageing  was  found  to  be  lower  than  that 
of  AA6082  but  higher  than  A319  base  metal.  Microstructural  studies  reveal  that  the  A319  dominates  the  fold  zone. 
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1.  INTRODUCTION 

Friction  stir  welding  (FSW)  is  a  hard  state  welding  method  invented  and  patented  by  the  Welding 
Institute  (TWI)  in  1991,  Ref.  [1].  FSW  overcomes  many  welding  problems  of  fusion  welded  aluminium  alloys 
such  as  porosity,  precipitates  resolution,  solidification  cracking  etc.  The  superiority  of  the  FSW  joint  depends 
on  the  development  parameters  including  rotation  speed,  welding  speed  and  axial  load.  The  general  issues  of 
dissimilar  alloy  FSW  are  the  formation  of  the  secondary  precipitates,  variations  in  mechanical  properties  and 
different  deformation  behaviour,  Ref.  [2].  A319  alloys  are  used  in  automotive  cylinder  heads,  engine 
manifolds  and  aircraft  components.  AA6082  has  wide  applications  in  the  transport  and  construction  industries. 
Both  AA6082  and  A319  have  high  corrosion  resistance,  heat  treatability,  Weldability  and  cold  forming 
properties,  Ref.  [3].  Although  many  studies  of  dissimilar  aluminium  alloys  have  been  focused  on  the 
mechanical  and  microstructural  aspects,  the  result  of  post-weld  ageing  on  dissimilar  FSW  of  A319  and 
AA6082  has  not  yet  been  identified.  The  current  study  investigates  the  effects  of  as-welded  (AW)  and  post- 
weld  heat  treatment  (PWHT)  environment  on  microstructure  and  mechanical  properties  of  the  dissimilar 
friction  stir  welded  AA6082  and  A319  aluminium  alloys. 

2.  EXPERIMENTAL  WORK 

The  materials  owned  in  this  study  were  wrought  aluminium  alloy  6082-T6,  procured  as  rolled  product 
and  cast  aluminium  alloy  A319.0,  available  as  an  ingot.  The  plates  were  sliced  to  the  required  proportions  of 
100  mm  *50  mmx  6  mm  plates.  The  chemical  components  and  mechanical  properties  of  the  standard  metals 
are  given  in  Table  1  and  Table  2.  FSW  was  conducted  on  an  FSW  machine  supplied  by  R.  V.  Machine  Tools, 
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Coimbatore,  India.  The  FSW  tool  comprises  a  direct  square  pin  profile  tool  made  of  M2-  HSS,  hardened  to  60  Hv. 
The  tool  carry  diameter  was  18  mm  and  the  pin  length  was  5.7  mm.  The  welding  parameters  were  chosen  as  800, 
1000  and  1300  rpm  as  revolving  speed  keeping  welding  speed  and  axial  load  as  constant  at  60  mm.  min-1  and  6  kN 
correspondingly.  A319  was  kept  on  the  approaching  side  and  AA6082  was  kept  on  the  receding  side.  The  welded 
plates  were  cut  into  two  equal  halves  transverse  to  the  weld  direction  and  one  half  was  used  for  PWHT.  The 
weldments  are  heat-treated  at  the  temperature  of  540°C  for  5  hrs  30  min  continuing  by  quenching  in  the  water  at 
atmospheric  temperature  and  artificial  ageing  at  190°C  for  6  hrs. 


Table  1:  Mechanical  Properties  of  AA6082  and  A319  Aluminium  Alloys 


BM 

UTS  (MPa) 

YS  (MPa) 

E  (%) 

Hardness  (Hv) 

A319 

186 

124 

12 

85 

AA6082 

248 

219 

2.8 

90 

UTS-Ultimate  Tensile  Strength,  YS-Yield  Strength, 
E  (%)  -  Percentage  of  elongation _ 


Table  2:  Comparision  of  Parent  Metals  AA6082  and  A319 


Base  metals 

Si 

Cu 

Mg 

Mn 

Ti 

Zn 

Fe 

OT 

A1 

AA6082 

1.1 

0.1 

0.9 

0.6 

0.1 

0.2 

0.5 

0.25 

Bal. 

A319 

6 

3.4 

0.1 

0.5 

0.25 

0.1 

1 

0.35 

Bal. 

Tensile  tests  are  conducted  as  per  (ASTM  E8-M04)  standards  as  shown  in  Figure  1  on  an  electromechanically 
controlled  universal  testing  machine  (Make:  FIE  Bluestar,  India;  Model:  UNITEK-94100).  Vickers  microhardness 
tests  were  conducted  using  a  Vickers  microhardness  tester  (MMT-X7  Matzusawa,  Japan)  by  impacting  a  weight  of 
0.5  kg  for  10  s  at  various  locations  of  the  FSW  zones.  Samples  were  mechanically  positioned  with  various  grits  and 
refmed  with  diamond  paste.  The  chemical  etching  was  performed  using  Keller’s  reagent.  A  scanning  electron 
microscope  (SEM)  analysis  was  done  by  using  a  MEJI,  Japan,  Model:  MIL-  7100  to  characterize  the  various  zones  of 
the  weldments. 

The  grain  size  measurement  of  the  support  metal  and  the  nugget  zone  was  calculated  as  per  ASTM  E-112 
standard  using  image  analyzing  software  with  a  magnification  of  400  x.  The  maximum  number  of  fields  for  analysis  was 
around  4  to  7  and  the  mean  of  the  grain  size  was  taken  into  account. 
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3.  RESULTS  AND  DISCUSSIONS 

3.1.  Microstructural  Properties 


The  device  and  the  workpiece  interaction  concem  the  fragmentation  and  distribution  of  second  phase  precipitates 
within  the  stir  zone  (SZ),  Ref.  [4].  FSW  produces  seven  macro  structurally  distinct  regions  across  the  weld  as  1)  base  metal 
(BM)-AA6082,  2)  heat-affected  zone  (HAZ)-AA6082,  3)  thermo-mechanically  affected  zone  (TMAZ)-AA6082,  4)  stir 
zone,  5)  TMAZ-A319,  6)  HAZ-A319  and  7)  BMA319.  Figure  2a  shows  the  microstructure  of  the  cross-sectional  area 
of  the  welded  joint  formed  at  1300  rpm.  A3xx  alloys  are  characterized  as  A1  -  Si  -  Cu  alloys,  with  Si  and  Cu  forming  the 
secondary  phases.  Cu  in  A1  -  Si  -  Cu  alloys  is  present  in  the  phases  of  Al2Cu  or  A1  -  Al2Cu  -  Si.  Figure  2b  shows  the  small 
blocky  shape  of  the  Al2Cu  precipitate  in  the  BM  A319.  Based  on  literature  studies,  Refs.  [5,  6],  it  has  been  identified  that 
in  the  existence  of  iron,  copper  forms  a  blocky  contour  or  finely  distributed  A1  and  CuA12  particles  within  the  interdendritic 
regions.  These  blocky  CuA12  phase  particles  do  not  dissolve  during  solid  precipitation  hardening  but  form  eutectic-like 
deposits,  as  shown  in  Figure  2c.  The  distribution  of  silicon  particles  was  homogeneous  throughout  the  SZ  at  1300  rpm 
compared  to  800  andlOOO  rpm.  Silicon  is  characterized  in  the  BM  as  dark  grey  with  a  very  irregular  shape,  as  seen  in 
Figure  3  b-AlFeSi,  In  Figure  4a  it  is  identified  as  sharp  needles  shape.  It  forms  a  very  weak  bond  with  the  matrix;  it  usually 
occurs  near  the  a  +  Al2Cu  +  AlCuMgSi  +  b  eutectics,  Ref.  [7].  Previous  studies  Ref.  [8]  have  shown  that  the  mechanical 
properties  of  the  alloy  decrease  with  the  rise  in  the  Fe  concentration  above  0.5  %.  The  presence  of  a  precipitate  free  zone 
(PFZ)  as  shown  in  Figure  4a  is  due  to  the  dissolution  of  secondary  phases  at  high  temperature  that  arises  during  welding. 
The  intermetallic  phases  of  iron  as  skeleton  shape  were  not  identified  at  the  weld  joints  after  PWHT.  Instead,  the  presence 
of  intermetallics  in  the  shape  of  Chinese  script  precipitates  was  found,  as  shown  in  Figure  4b.  From  the  SEM  image  in 
Figure  5,  it  can  be  identified  that  after  solution  hardening,  A1  -  Al2Cu  -  Si  phase  dissolved  to  separate  Al2Cu 
particles  as  round  globules.  Also,  the  reprecipitation  of  silicon  dendrites  can  be  seen  from  the  SEM  microstructure  in 
Figure  5.  The  grain  size  of  AW  varies  from  5  ±  2  lm  in  the  SZ  whereas  the  PWHT  specimens  have  the  grain  size 
distribution  of  6  ±  2  lm  in  the  SZ.  AA6082  BM  has  an  average  grain  size  of  75  ±  53  lm  whereas  A319  has  176  ±  66  lm. 
The  distribution  of  silicon  is  uniform  throughout  the  SZ.  The  modification  of  silicon  in  the  eutectic  affects  the  mechanical 
properties  of  the  joints.  According  to  the  phase  diagrams  of  A1  -  Si  -  Cu  -  Fe,  aluminium  and  silica  will  beat  equilibrium 
with  three  phases  Al5FeSi,  Al2Cu  and  A115Mn3Si2,  Refs.  [4-9].  6xxx  alloys  are  categorized  by  the  secondary  precipitates 
of  Mg2Si  and  Al5FeSi  phases  in  the  base  metal  region  along  with  the  a-Al  primary  phase. 


Figure  2(a):  SEM  Images  of  AA6082  at  SZ 
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Figure  2(b):  SEM  Images  of  Base  Metal  A3I9  Containing  Blocky  Al2Cu  Phase 
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Figure  3:  Distribution  of  Silicon  Particles  at  SZ  at  1300  rpm 
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Figure  4  (a):  Presence  of  Precipitates  in  the  SZ  at  1300  rpm  in  the  AW  Condition 


Figure  4  (b):  PWHT  towards  A319  side  in  the  SZ  at  1300  rpm  in  the  AW  Condition 


Figure  5:  SZ  at  1300  rpm  after  PWHT  (a)  Dissolution  of  Al2Cu  Precipitates, 
(b)  Reprecipitation  of  Dendritic  Al2Si  Alloys  (c)  Voids 
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3.2.  Tensile  Properties 

The  tensile  specimens  of  the  dissimilar  FSW  welds  always  broke  at  the  A319  side  except  for  the  specimen 
produced  at  800  rpm.  This  can  be  attributed  to  the  lower  yield  strength  of  the  A3 19  BM  and  due  to  the  inherent  defects  that 
may  arise  during  the  casting  process.  Lee  et  al.  [10]  have  confirmed  that  the  dominant  microstructure  in  the  SZ  plays 
an  important  role  in  lowering  the  strength  of  the  SZ.  The  tensile  values  of  the  dissimilar  weldments  are  shown  in  Table  3. 
The  FSW  yields  a  better  quality  weld  without  any  defects  at  1  300  rpm.  PWHT  gives  better  tensile  values  than  AW 
weldments. 


Table  3:  Comparison  of  Mechanical  Properties  of  AW  and  PWHT  of  the  Dissimilar  FSW  Joints 


RPM 

AW 

PWHT 

YS(MPa) 

UTS(MPa) 

E(%) 

YS(MPa) 

UTS(MPa) 

E(%) 

800 

71 

90 

8.5 

101 

116 

13.7 

1000 

87 

101 

7.6 

106 

119 

9.1 

1300' 

1 

111 

16.1 

123 

154 

18.9 

The  results  show  more  characteristics  of  A319  alloy  than  AA6082  alloy.  The  presence  of  burrow  defect  at  the  top 
of  the  A319  side  at  800  rpm  is  due  to  insufficient  plasticization  of  the  materials  at  the  given  rotating  speed.  Also,  a  pinhole 
at  the  bottom  of  the  A319  side  at  1000  rpm  may  be  attributed  at  abnormal  stirring  which  lowers  the  tensile  strength. 
Reference  [11]  suggests  that  the  tensile  strengths  of  dissimilar  joints  are  affected  due  to  the  difference  in  material  flow 
characteristics  of  the  wrought  and  cast  aluminium  alloys. 

3.3.  Hardness  Properties 

The  hardness  values  at  the  SZ  are  found  to  be  lower  than  that  of  the  AA6082  side  but  higher  than  A319  for  both 
AW  and  PWHT  conditions.  PWHT  results  in  an  increase  in  hardness  greater  than  30-60  Hv  in  the  overall  weld.  The  grain 
size  and  impulsive  allocation  are  the  important  factors  in  the  microhardness  distribution  of  precipitation  hardening 
aluminium  alloy.  Ghosh  et  al.  [12]  suggest  that  though  the  welding  process  soflens  the  region  around  the  weld  line  which 
reduces  hardness,  fme  recrystallized  grain  structure  at  the  SZ  aids  in  nugget  hardness  recovery.  The  breaking  of  secondary 
phase  b  precipitates  due  to  higher  dynamic  recrystallization  of  the  well  grain  structure  during  FSW  is  the  key  reason  for  the 
hardening  of  the  SZ. 

4.  CONCLUSIONS 

AA  6082  and  A319  were  successfully  FS  welded  with  different  tool  rotation  speeds.  Maximum  tensile  strength 
was  achieved  at  1300  rpm  for  the  PWHT  weldment.  It  has  been  found  that  the  SZ  is  dominated  by  the  advancing  side  alloy 
A319.  The  complete  disbanding  of  Mg2Si  and  the  reprecipitation  CuA12  as  round  globules  and  the  presence  of  Chinese 
script  shapes  of  b-Fe  precipitates  were  identified  with  the  PWHT.  Homogenization  of  second  phase  particles  in  the  SZ 
results  in  an  enhancement  in  ductility  and  thus  increases  in  the  tensile  strength.  The  hardness  profiles  of  PWHT  samples 
show  higher  hardness  during  the  weld  compared  to  the  AW  specimen.  The  hardness  distribution  at  the  NZ  was  lower  than 
that  of  the  BM  AA6082  but  higher  than  A3 19  BM. 
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